Acute systolic wall thinning shown by two-dimensional echocardiography or by implanted myocardial sonomicrometers was taken as functional evidence of myocardial ischemia. Myocardial perfusion was determined by radiolabeled microspheres when wall thinning was apparent. Systolic wall thinning could not be induced by these interventions when the degree of coronary stenosis was only 70%. Systolic wall thinning occurred only when increased myocardial oxygen requirements or decreased aortic pressure were superimposed on 90% coronary stenosis. Under these conditions, myocardial perfusion was reduced to 28 + 27 ml/100 g/min (mean + SD), 15-25% of control. Aortic diastolic pressure was a major determinant of ischemia in that contraction abnormalities produced by a 90% stenosis and vasodilators or hemorrhage could be acutely reversed by superimposing acute aortic constriction, which elevated arterial pressure; myocardial perfusion increased correspondingly. Thus, the demonstration of transient systolic wall thinning by two-dimensional echocardiography during a stressful intervention indicated that severe coronary stenosis was present, and that the perfusion of the acutely dyskinetic myocardial area was 25% of control or less.
Acute systolic wall thinning shown by two-dimensional echocardiography or by implanted myocardial sonomicrometers was taken as functional evidence of myocardial ischemia. Myocardial perfusion was determined by radiolabeled microspheres when wall thinning was apparent. Systolic wall thinning could not be induced by these interventions when the degree of coronary stenosis was only 70%. Systolic wall thinning occurred only when increased myocardial oxygen requirements or decreased aortic pressure were superimposed on 90% coronary stenosis. Under these conditions, myocardial perfusion was reduced to 28 + 27 ml/100 g/min (mean + SD), 15-25% of control. Aortic diastolic pressure was a major determinant of ischemia in that contraction abnormalities produced by a 90% stenosis and vasodilators or hemorrhage could be acutely reversed by superimposing acute aortic constriction, which elevated arterial pressure; myocardial perfusion increased correspondingly. Thus, the demonstration of transient systolic wall thinning by two-dimensional echocardiography during a stressful intervention indicated that severe coronary stenosis was present, and that the perfusion of the acutely dyskinetic myocardial area was 25% of control or less.
THE EFFECTS of complete coronary occlusion on cardiac wall thickening and endocardial motion have been quantitatively assessed by two-dimensional echocardiography.1-' Some investigators have also begun to use two-dimensional echocardiography to detect contraction abnormalities during stressful interventions such as exercise when no abnormalities are apparent at rest.6'-The sensitivity of this echocardiographic approach depends on the assumption that there is a close relationship between the severity of coronary stenosis, the deficit of myocardial perfusion, and induced contraction abnormalities as demonstrated by two-dimensional echocardiography. This relationship has not been demonstrated. Therefore, we investigated the relationship between ischemia-induced dyskinesis, coronary stenosis and myocardial perfusion in an experimental model.
Methods
We used two-dimensional echocardiography and ultrasonic sonomicrometers to assess wall thickening abnormalities and radioactive microspheres to assess regional perfusion. We created moderate and severe coronary stenosis in an open-chest canine model, and then produced ischemia by various interventions: iso-The model has been described in detail.9 Forty-two mongrel dogs that weighed 20-35 kg were anesthetized with i.v. chloralose (100 mg/kg) and i.v. urethane (1000 mg/kg), intubated with a cuffed endotracheal tube and ventilated artificially using a Harvard respirator. Arterial blood gases were checked frequently. Through a left thoracotomy, the left circumflex coronary artery was dissected free and a snugly fitting electromagnetic flowprobe (Statham) was placed around the proximal circumflex coronary artery. Polyurethane catheters (#8F) were placed in the aorta, femoral artery, inferior vena cava and left atrium for pressure measurement, drug infusion, microsphere injections for perfusion measurements, and hemorrhage. A silk snare was placed around the proximal circumflex coronary artery. One or two pairs of miniature 5-mHz ultrasonic dimension gauges sonomicrometers) were implanted in the posterior left ventricular wall in the circumflex distribution in a subendocardial-epicardial orientation to measure transmural wall thickening. 10 After the desired degree of coronary stenosis was achieved, the dogs were turned and a midsternal thoracotomy was performed. The two-dimensional echo transducer was placed lightly on the pericardium over the right ventricular anterior wall. The transducer was fixed to a rigid bar and the tranducer orientation was adjusted to obtain an optimal two-dimensional shortaxis image of the left ventricle at the papillary muscle level. Once fixed, the transducer was not moved during the interventions designed to induce ischemia.
Two-dimensional echocardiographic studies were performed using a phased-array system (Toshiba SSH-IOA sonolayergraph). The imaging system was a 32-element, 2.4-mHz transducer array with phased-array electronic beam steering through an 800 sector. Images were recorded on a videotape recorder for later slowmotion and stop-frame analysis. To analyze the images, endocardial and epicardial outlines of the left ventricle were traced on an acetate overlay at enddiastole (peak of the R wave of the ECG) and endsystole (smallest ventricular cavity) using real-time and slow-motion playback to identify the borders. To ensure reproducibility, we arbitrarily selected the inner border of all echo interfaces for tracing.
Our method of analysis has been described in detail. '3 Using the junction of the right ventricular posterior wall endocardium and the interventricular septum as an initial landmark, the whole ventricular short-axis cross-section was divided into 12 segments with radii drawn 300 apart. Myocardial Perfusion Measurement
Regional myocardial perfusion was measured using radioactive microspheres.'4 We used 7-10-,um microspheres labeled with 141Ce, 85Sr, 46Sc, 95Nb, "3Sn and 1251. For each perfusion measurement, the vial containing the microspheres was mechanically agitated for at least 3 minutes to disperse the spheres. The microspheres (20 ,Ci) were injected over 5 seconds into the left atrium and the atrial catheter was flushed with 10 ml of saline. Beginning 1 minute before injection and continuing for 3 minutes thereafter, blood for reference flow determinations was simultaneously withdrawn from the right brachial and femoral arteries at 2.06 ml/min. No hemodynamic alterations occurred as a result of sphere injection. At the end of the experiment, the dogs were rapidly killed with potassium chloride. A thin polyethylene tube was inserted into the circumflex coronary artery distal to the constriction, and Evans blue dye was injected to identify the coronary risk area and to confirm that the sonomicrometers were in this area. Two 1 -g myocardial samples in each dog were obtained from the circumflex risk area adjacent to the site of sonomicrometer insertion. Additional samples were taken from the anterior myocardium, the interventricular septum and the anterior right ventricular wall. Using the technique previously described in detail, '4 we determined the perfusion of each myocardial segment as well as the endocardial-epicardial perfusion ratio.
Interventions Used To Produce Ischemia
To induce ischemia in the presence of coronary stenosis, five interventions were used: (1) (5) hemorrhage (300-400 ml of blood).
Experimental Protocol
In 18 dogs, two-dimensional echocardiographic recordings and sonomicrometer recordings were obtained under the following conditions: (1) with 70% coronary stenosis; (2) during a 30-second complete circumflex occlusion (to delineate the risk area supplied by the vessel to be made stenotic); (3) with isoproterenol and aortic constriction superimposed on 70% coronary stenosis; (4) with 90% coronary stenosis; and (5) during isoproterenol and acute aortic constriction superimposed on 90% coronary stenosis. With interventions 3 and 5, we achieved a stable hemodynamic condition for at least 3 minutes before injecting the spheres. At least 10 minutes elapsed between any two sphere injections.
In 10 additional dogs, the same protocol was used except the interventions superimposed on 70% and 90% coronary stenoses consisted of nitroprusside or nitroglycerin infusion and then aortic constriction to correct hypotension. After a 15-minute recovery from the nitroprusside or nitroglycerin, these dogs were also subjected to controlled hemorrhage. Vasodilator ad=- ministration and the degree of hemorrhage were adjusted to decrease systolic blood pressure equally, initially about 15% (NG/NP-I or Hem-I) and then about 30% (NG/NP-II or Hem-IT).
In all 28 dogs, sonomicrometer recordings were performed to validate the echocardiograms by demonstrating wall thinning by two techniques during ischemia. 13 During each condition of the experimental protocol, a representative cardiac cycle was chosen for echocardiographic tracings and analysis. All echo tracings were done by one observer; the sonomicrometric date were analyzed by a second, independent observer.
Myocardial perfusion was measured in 14 other dogs. In seven dogs, myocardial perfusion was measured (1) in the control state (no coronary stenosis); (2) with 70% coronary stenosis; (3) with 90% coronary stenosis; (4) with 90% coronary stenosis plus isoproterenol infusion and acute aortic constriction; and (5) after a 5-minute complete circumflex occlusion. In the other seven dogs, perfusion measurements were performed (1) in the control state (no coronary stenosis); (2) with 90% coronary stenosis; (3) with 90% coronary stenosis plus hypotension produced by nitroglycerin or nitroprusside infusion; (4) with 90% stenosis and hypotension as in (3), but with additional aortic constriction to correct the hypotension; and (5) Results
Echocardiographic Findings in Coronary Stenosis
Circumflex Occlusion (table 1) Even a 30-second complete circumflex occlusion produced significant systolic wall thinning of the posterior segments. Remote segments exhibited increased thickening. There was no significant change in the hemodynamics. region that showed wall thinning (sonomicrometers), blood flow was reduced to less than 25% of control and aortic diastolic pressure decreased significantly, presumably due to the isoproterenol. The aortic systolic pressure and rate-pressure product changed little. During complete circumflex occlusion, the circumflex regional flow decreased further, while the flow in the remote area was normal. Effect of isoproterenol and aortic constriction on regional myocardial perfusion (ml/100 glmin). In the control state and during 70% coronary stenosis and 90% coronary stenosis, the mean transmural myocardial bloodflow was similar in the risk and remote segments. When isoproterenol and aortic constriction were superimposed on 90% coronary stenosis, the mean bloodflow increased in the remote segments, but decreased strikingly in the risk region. sures flow in the proximal circumflex artery; but the downstream region receives flow not only from the circumflex artery, but also by overlap perfusion from other nonobstructed coronary arteries27 and from collaterals. Thus, the preservation of normal myocardial perfusion despite severe (90%) coronary stenosis is not surprising. Interventions that produced systolic wall thinning, however, were clearly associated with marked reduction in regional perfusion in segments that showed wall thinning, while normal perfusion was preserved in the opposite nonischemic myocardium. Although it was not our purpose to define the perfusion threshold below which normal thickening would be replaced by thinning, we found that wall thinning shown by echocardiography was associated with 25% or less of normal perfusion. These levels are similar to those found by Lieberman et al.5 in their model of complete coronary occlusion.
We chose to emphasize wall thickening dynamics rather than endocardial motion because percent thickening is more sensitive than endocardial motion in distinguishing infarcted myocardium from adjacent risk zones.5
The findings of this study should be applied to other circumstances with caution. We used an open-chest model of coronary stenosis and produced acute transient ischemia, in part by marked decreases in blood pressure. The collateral circulation is more extensive in dogs than in man. Similar findings might not be present in conscious man with chronic multivessel coronary artery disease.
We conclude that in a canine model, even severe coronary stenosis may be associated with normal perfusion, no ischemia and no systolic wall thinning at rest. Thus, normal systolic thickening on two-dimensional echocardiography at rest does not exclude the presence of severe coronary stenosis. When interventions that increase myocardial oxygen requirements or decrease the aortic pressure are superimposed on severe coronary stenosis, they result in decreased perfusion, ischemia and wall thinning. With less severe grades of coronary stenosis, ischemia is not induced and systolic thinning does not occur even during the addition of similar interventions. Thus, the observation of transient systolic thinning by two-dimensional echocardiography during a stressful intervention indicates that severe coronary stenosis is present, and that perfusion of the myocardial area that displays acute contraction abnormalities is 25% of control or less. 
